19p NMR was used to determ.ne washout curves of an inert, diffusible gas (CHP3) from the cat brain. The cerebral blood flow was estimated from a bi-or tri-phasic fit to the deconvoluted wash-out curve, using the Kety-Schmidt approach. Cerebral blood flow values determined by 19p NMR show the expected responsive ness to alterations in Paco2, but are approximately 28% lower than cerebral blood flow values determined simul-
Since Kety and Schmidt (1945, 1948) described their original approach for measuring cerebral blood flow with inert diffusible tracers, many applications of the technique have been reported (Bell, 1987) . However, some of these applications are limited in their usefulness for human subjects because of ex posure to radioactive substances or the requirement for invasive catheterization.
The study reported here was undertaken to as sess new methods for the noninvasive determina tion of cerebral blood flow without the use of radio active tracers. Specifically, we investigated a new 19F nuclear magnetic resonance (NMR) technique that has been used to measure the clearance of a fluorinated inert gas, CHF3, from cat brain (Eleff et aI., 1988) . The 19F NMR technique was tested in three ways. First, the CO2 dependence of the mea sured blood flow values was investigated. Second, taneously by radioactive microsphere techniques. High concentrations of CHP3 have little effect on intracranial pressure, mean arterial blood pressure or Paco2, but cause small changes in the blood flow to certain regions of the brain. We conclude that 19p NMR techniques utilizing low concentrations of CHP 3 have potential for the non invasive measurement of cerebral blood flow. Key Words: NMR-CBp-19P-microspheres the blood flow values calculated by 19F NMR were compared with blood flow values determined simul taneously by radioactive microsphere techniques. Finally, the effects of CHF 3 on cerebral blood flow and the short-term toxic effects of CHF3 were eval uated.
MATERIALS AND METHODS

Animal preparation and experimental protocol
Pive cats were anesthetized with ketamine (75 mg/kg i.m.) and given atropine (0.2 mg/kg i.m.). Body tempera ture was maintained at 37 ± 1°C. Pollowing endotracheal intubation, animals were paralyzed (Pavulon; 0.2 mg/kg i.m.) and ventilated with a gas mixture containing 35% O2/65% N2. Bilateral femoral artery and vein catheters were inserted, and ketamine, Pavulon, and Valium were infused intravenously throughout the experiment. Blood gases and arterial blood pressure were maintained within normal ranges. A left atrial catheter was inserted for mi crosphere injection. The temporal muscles were reflected laterally to reduce extrancranial contamination of the NMR signal, and a two-turn, 2.2-cm-diameter surface coil was mounted on the skull directly above the frontopari etal region of the left cerebral hemisphere. A Phospho Energetics model 250-80 NMR spectrometer was used in conjunction with an Oxford Instruments 2.2-T, 31-cm-bore, horizontal superconducting magnet. The surface coil was double-tuned for lH (88.5 MHz) and 19F (83.3 MHz) , according to the design of Schnall et al. (1985) . A sequence of 20 composite 19F NMR spectra were accumulated during the wash-in and wash-out pro cedures. Each composite spectrum was obtained from the sum of 25 free induction decays. Individual free induction decays were obtained using a 50-fLS (90°) radiofrequency pulse, with a 1.0-s delay.
The inspired gas was changed to a mixture containing 35% O2/65% CHF3 for 15 min. The respirator tubing was then flushed, and the inspired gas returned to the original mixture. Sequential19F NMR spectra were taken to mon itor the wash-in and wash-out of CHF3 from the brain. One minute after the start of the wash-out procedure, radioactive e7Co) micro spheres were injected into the atrium for the determination of normocapnic cerebral blood flow. A similar protocol was repeated under hypo capnic and hypercapnic conditions, using 85Sr and 46SC microspheres, respectively.
The technique for multiple determinations of cerebral blood flow using labeled microspheres has been described previously (Warner et al., 1987) : 4 x 106 microspheres (15-fLm diameter) were injected into the left atrium over a period of 10 s. Withdrawal of blood from a femoral artery catheter began 1 min prior to the microsphere injection and continued for 6 min. At the end of the hypercapnic blood flow determination, the animal was killed with an intravenous injection of KCl. A cylindrical plug of brain tissue identical in diameter to the surface coil was re moved, shaped into a hemisphere, and counted.
Determination of the arterial wash-out curve
Four cats were prepared in a manner similar to that described above, except that either ketamine or pento barbital (40 mg/kg) anesthesia was employed. The in spired gas was changed to a mixture containing 24% O2/20% N2/56% CHF3 for 15 min and then returned to the original mixture. Arterial blood samples (0.5 ml) were collected every 5 s for 30 s before the initiation of the CHF3 wash-out, and for 60 s during the wash-out. The blood samples were transferred into NMR microcells and 19F NMR spectra obtained with a Bruker MSL 300 spec trometer, using a 90° pulse and a lO-s delay.
Determination of the brain/blood partition coefficient
Four cats were prepared in a manner similar to that described above and respired on a mixture containing 24% O2/20% N2/56% CHF3 for 1 h. A 2-to 3-mm slice from the surface of the parietal lobe and a 0.6-g sample from the corpus callosum were excised and placed in 8mm NMR inserts that reduced to 4-mm capillaries at the bottom. A gentle stream of the inhalation gas was di rected over the tissue during excision. The samples from the parietal lobe and the corpus callosum were sealed in the NMR inserts -10 and 40 s, respectively, after the dura was opened. The inserts were centrifuged for 1 min to pack the brain tissue into the capillary, and the remain ing portion of the insert was filled with arterial blood withdrawn at the end of the CHF3 wash-in. A third insert was filled completely with the same arterial blood. The inserts were placed inside a lO-mm NMR tube filled with 0.0075% trifluoroethanol, which was used to normalize the intensity of the 19F NMR signal from the capillary, and the 19F NMR spectra were obtained as described above. The brainlblood partition coefficient was calcu-lated from the ratio of the intensity of the normalized 19F signals from CHF3 in the brain and blood samples, re spectively.
Analysis of the cerebral wash-out curves
We assumed that CHF3 diffuses rapidly across the brain/blood barrier and used the Kety-Schmidt approach to determine the cerebral blood flow (Kety, 1951) . The observed arterial wash-out curve was fit to a biexponen tial decay, and the resulting analytical expression was used to deconvolute the cerebral wash-out curves. The cerebral blood flow was assumed to have two compo nents. A nonlinear, least-squares approach similar to that employed by Obrist et al. (1975) was used to fit the ob served cerebral wash-out curve, except the ratio of the amplitudes of the fast and slow components (R) was fixed during the optimization procedure. The procedure was then repeated for a range of values of R (1, 2, 3, 4, 6, and 10).
The two-component model gave a good fit to the data from normocapnic and hypocapnic animals. However, it was necessary to add a third component to obtain a good fit to the data from hypercapnic animals. In these cases, the amplitude and rate of the third component were fixed, and the amplitudes and rates of the first two components were determined by the optimization procedure described above. The entire optimization procedure was then re peated for a range of values for the amplitude and rate of the third component.
Physiological effects of CHF3
Six cats were prepared in a manner similar to that de scribed above, and the cerebral blood flow was deter mined with 57CO microspheres. The inspired gas was changed to a mixture containing 30% 02170% CHF3, and after -10 min, the cerebral blood flow was determined using either 85Sr or 46SC microspheres. Samples were taken from white matter, frontal gray matter, parietal gray matter, occipital gray matter, cerebellum, and brain stem (pons and medulla).
Two cats were prepared in a manner similar to that described above, and a spinal needle was placed in the cisterna magna. The inspired gas was changed to a mix ture containing 30% 02170% CHF3 for 5 min and then returned to the original mixture. This procedure was re peated five times on each animal. MABP and intracranial pressure were recorded, and Pao2 and Paco2 were mea sured every 2 min.
RESULTS
19F NMR spectra accumulated from the brain during a typical wash-in procedure are shown in Fig. 1 . The amplitudes of the signals obtained dur ing the wash-in and subsequent wash-out from the brain are plotted in Fig. 2 .
The amplitudes of the 19F NMR signals from ar terial blood during the wash-out procedure are shown in Fig. 3 . The experimental points are the averaged values for four animals, and the solid curve is the nonlinear least-squares fit of the data to a biexponential decay. The fit to the data gives a fast rate constant of 0.089 s -I, a slow rate constant FIG. 1. 1 9 F nuclear magnetic resonance spectra from a cat brain before and at various times after addition of 65% CHF3 to the inspired gas mixture. of 0. 005 s -1, and a ratio of the two amplitudes (fast/ slow) of 3. 7.
The average values of the brainlblood partition coefficients calculated for the parietal cortex and the corpus callosum were 0.86 ± 0.05 and 0.94 ± 0. 04, respectively (means ± SD). Since the differ ence between these values was not statistically sig nificant (p = 0. 055), the values for the two regions were averaged to give 0. 90 ± 0. 06, which was used for both gray and white matter.
The cerebral wash-out curves were analyzed us ing the two-component model described above. For most of the data sets, the curves could be fit equally well with a number of different values for R (the ratio of the amplitudes for the two components). For example, for the data set shown in Fig. 2 , the best fits to the data obtained using R values of 1, 2, 3, 4, or 6 are superimposable on the solid curve. Clearly, under these conditions, the curve-fitting procedure cannot be used to determine the ampli tudes or the rate constants of the individual compo nents. However, Table 1 shows that the average value of the rate constant is less sensitive than the individual rate constants to the value of R. The curve-fitting procedure can therefore be used to ob tain an accurate estimate for the average rate con stant. R is the ratio of the amplitudes of the fast and slow compo nents. kr and k" the rate constants for the fast and slow compo nents, respectively, were determined by the optimization proce dure (see text). <k> is the average rate constant. Taken from normocapnic data for cat no. I. a Mean ± SD. Table 2 shows the average cerebral blood flow values calculated from the average rate constants, assuming a partition coefficient of 0. 90 for each component. For most of the data sets R ranged from 1 to 6. However, for a few data sets the values of R at the high or low end of the range were excluded, because the fits gave either an unacceptably high root mean square error or a negative value for the slow rate constant. The average rate constants for the hypercapnic data did not include the third com ponent (k < 0. 002 s -I), because this component was presumably due to extracerebral contamina tion. The extracerebral component was probably present in the normocapnic and hypocapnic ani mals, but was obscured by the slow cerebral com ponent. Table 2 also shows cerebral blood flow values calculated from the radioactive microsphere ap proach. The agreement between the blood flow val ues calculated by the two techniques is reasonable, except for cat no. 4. A possible explanation for the discrepancy in the data for cat no. 4 could be an instability in the blood flow. This explanation is consistent with the relatively large standard devia tions for the theoretical fits to the CHF3 wash-out data for this animal, especially at the high CO2 value.
The data in Table 2 were averaged over a number of Paco2 ranges and plotted in Fig. 4 . The following Paco2 ranges were used: 10-20 mm Hg (n = 6), 25-35 mm Hg (n = 3), 40-45 mm Hg (n = 2), and 60-80 mm Hg (n = 3).
The introduction of 70% CHF 3 into the inhalation mixture resulted in significant changes in cerebral blood flow only for occipital gray matter and white matter (see Table 3 ). Under the same conditions, there were no statistically significant differences in Pao2, Paco2, intracranial pressure, or MABP.
DISCUSSION
The average cerebral blood flows determined by 19F NMR are, as expected, sensitive to the Paco2 (see bottom curve, Fig. 4) . A linear fit to the data between Paco2 = 30 and 70 mm Hg gives a slope of 4. 6 mlllOO g/min/mm Hg; i.e., the blood flow in creases by a factor of 4 when the CO2 increases from 30 to 70 mm Hg. This observed response to CO2 is within the range found with other techniques and other anesthetics (for a review, see Lacombe et aI., 1980) . Cerebral blood flow values determined by 19F NMR agree qualitatively with the values deter mined by radioactive microspheres (see Fig. 4 ), but are �28% lower throughout the entire Paco2 range. One reason for this difference could be an error in the calculated brain/blood partition coefficient for CHF3. For example, evaporation of CHF3 from brain tissue during the excision procedure, or an "NMR-invisible" pool of CHF3 in the brain, could cause an underestimation of the partition coeffi cient. However, our value for the partition coeffi cient (0. 90 ± 0. 06) agrees well with the value (0.8) determined by J. R. Ewing et ai. (personal com munication) using the van Slyke technique, which does not have these potential errors. Our value does not agree with that (1. 5) determined by Eleff et ai. who used a similar approach but relied on an indi rect calibration of the 19F NMR signal intensity.
There are a number of other factors that could account for the difference in blood flow values cal culated by 19F NMR and microspheres. For exam ple, the hypercapnic value determined by 19F NMR could be underestimated due to diffusional limita tions (Kety, 1951; Eklof et aI., 1974) , while the nor mocapnic and hypocapnic values determined by 19F NMR could be underestimated because of the in clusion of extracerebral components (Obrist et aI., 1975) . Finally, although the spatial regions sampled by the two techniques are similar, they are not iden tical and could contain different mixtures of gray and white matter.
To a first approximation, the spatial region sam pled by the NMR technique is a hemisphere with the same radius as the surface coil (1.1 cm). The samples for the mircosphere measurements were taken from this hemisphere. Both techniques thus sampled a volume of � 2. 7 cc, centered on the pa rietal lobe. However, the sensitivity of the NMR technique is not constant throughout the hemi sphere, and the sensitive volume of the NMR tech nique extends slightly beyond this hemisphere (Ackerman et aI., 1980) .
High concentrations of CHF3 appear to have a small effect on the blood flow from white matter and occipital gray regions (see Table 3 ). However, these effects should not influence the blood flow values reported here, since the data were collected predominantly from the frontal and parietal lobes.
The present study demonstrates that 19F NMR is a promising noninvasive technique for determining cerebral blood flow in experimental animals. How ever, it also points out a number of potential prob lems that must be investigated further before the technique can be used routinely. First, the present J Cereb Blood Flow Metab, Vol. 9, No.6, 1989 work suggests that high concentrations of CHF3 can influence the blood flow to certain regions of the brain. This study was performed with high concen trations of CHF3 to optimize the signal-to-noise ra tio and minimize the sampling time. The future use of higher magnetic field strengths should increase the signal-to-noise ratio and permit the utilization of substantially lower CHF3 concentrations.
The second potential problem is the difficulty in determining arterial and cerebral wash-out curves in the same animal. This problem arises from the difficulty in sampling arterial blood rapidly while the animal is in the magnet. We determined arterial wash-out curves for a series of control animals and used the average to deconvolute the cerebral wash out curves. A better approach would be to estimate arterial wash-out curves for individual animals in the magnet, using either infrared or mass spectrom eter detection of CHF 3 in the expired air.
The third potential problem is the difficulty in resolving gray and white matter flows. This prob lem is present with all techniques that analyze ce rebral wash-out curves. However, with some gases such as xenon, the different partition coefficients for gray and white matter magnify the difference in the rate constants and allow a resolution of the two flows (Obrist et aI., 1975) . With CHF3, the two rate constants could be calculated if the relative amount of gray and white matter contributing to the wash out curve were known. Presumably this information could be obtained from a I H NMR image taken with the same surface coil used to obtain the 19F NMR signal.
The fourth potential problem is the difficulty in avoiding wash-in of CHF3 into noncerebral tissue within the "sensitive volume" of the surface coil. This problem can be circumvented by the use of more refined spatial localization techniques for the collection of 19F NMR signals. Any of the standard techniques that utilize magnetic field gradients (Aue et aI., 1984; Bottomley et aI., 1984; Maudsley, 1985; Luyten et aI., 1986; Ordidge et aI., 1986; Bolinger and Leigh, 1988) can localize the 19F NMR signal to a well-defined region of the brain and avoid contam ination from bone marrow in the skull and other extracerebral tissue. This degree of spatial localiza tion will obviously be necessary if the reflection of surface tissue from the skull is to be avoided and the technique applied in a truly noninvasive manner to animals and, potentially, humans.
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